lumi-Rh state. Ala 169 , an amino acid in helix D presumed not to be close to the retinal binding site, is cross-linked in the lumi-, meta-I-, and meta-II-Rh stages. This requires a movement of helices (Fig. 5) and would necessarily alter conformations of the cytoplasmic loops connecting helices C/D and E/F, which have been implicated in transducin activation (9, 12). It is proposed that Trp 265 keeps 11-cis-retinal as an inverse agonist; thus, it is not surprising to see Trp 265 in close proximity to the ␤-ionone ring both in Rh, the resting stage, and in batho-Rh, the first high-energy intermediate, while the ring moiety has flipped over in the more relaxed lumi-Rh and further intermediates.
Despite a rapid increase in the amount of available archaeal sequence information, little is known about the duplication of genetic material in the third domain of life. We identified a single origin of bidirectional replication in Pyrococcus abyssi by means of in silico analyses of cumulative oligomer skew and the identification of an early replicating chromosomal segment. The replication origin in three Pyrococcus species was found to be highly conserved, and several eukaryotic-like DNA replication genes were clustered around it. As in Bacteria, the chromosomal region containing the replication terminus was a hot spot of genome shuffling. Thus, although bacterial and archaeal replication proteins differ profoundly, they are used to replicate chromosomes in a similar manner in both prokaryotic domains.
Recently, comparative genomics has revealed that most archaeal informational processes are similar to those in eukaryotes (1) . This is especially striking in the case of DNA replication because all putative archaeal DNA replication proteins have eukaryotic homologs only or, alternatively, are more closely related to their eukaryotic counterparts than to their bacterial ones (2, 3) . The lack of conservation of replication factors in Eukarya/ Archaea and Bacteria is so striking that their independent development after divergence from a last universal ancestor carrying an RNA genome has been suggested (3). Although recent experimental studies have confirmed predicted enzymatic activities for many open reading frames suggested to encode archaeal replication proteins (4), the processes through which chromosomes are replicated by these proteins have remained enigmatic. Even whether Archaea have a single replication origin, like Bacteria, or multiple origins, like Eukarya, has been unknown. In some bacteria, GC skew can be used to detect replication origins and termini due to an excess of G over C in the leading strand of replication (5) . Conventional GC skew analyses failed to identify strand asymmetry in completely sequenced archaeal genomes (6), suggesting the possibility of multiple origins, in agreement with the eukaryotic nature of the archaeal replication apparatus. However, a single replication origin was suggested by cumulative diagrams of GC or tetramer skews in the Archaea Methanobacterium thermoautotrophicum (7, 8) and Pyrococcus horikoshii (8) .
The genome of P. abyssi has been recently sequenced (9) , allowing the comparison of strand asymmetry in the genomes of two closely related organisms (P. abyssi and P. horikoshii) in which major chromosomal rearrangements have occurred after their divergence (Fig. 1A) . Although normal diagrams of oligomer skew (here, tetramer GGGT) could suggest multiple origins (Fig. 1B) , cumulative skew analyses of the same tetramer gave smooth curves for the two genomes with one well-defined singularity and one broad peak, both at similar locations. The cumulative skew pattern thus appears to be a stable feature of genome composition because it has not been altered by the chromosomal rearrangements between the two Pyrococcus species (Fig. 1A) . Similar results (10) were obtained when the genome sequence of a third Pyrococcus species, P. furiosus, was analyzed (11) .
The shape of the cumulative skew diagrams in Fig. 1B could be explained a priori by two different replication mechanisms: one of the two singularities could represent a bidirectional replication origin, or they both could represent monodirectional replication origins. To distinguish between these possibilities, we sought to identify an early replicating chromosome segment with information deduced from the complete genome sequence of P. abyssi. In preliminary experiments, we found that uracil, but not thymidine, could be used to efficiently label chromosomal DNA when cells were grown anaerobically at 95°C (12) . DNA synthesis in vivo was fully inhibited by puromycin, a universal protein synthesis inhibitor (Fig. 2) . By analogy to the bacterial system, the residual incorporation of label into DNA observed in the presence of puromycin suggested that this inhibitor specifically blocks the initiation step of DNA replication in P. abyssi.
In a further experiment, DNA replication was arrested by puromycin, in order to increase the proportion of replication forks located close to the origin. After drug removal, newly replicating DNA was radioactively labeled, and the chromosomal distribution of radioactivity was determined by calculating the relative abundance of labeled Not I fragments of P. abyssi, as resolved by contourclamped homogenous electric field electrophoreses (CHEFs) (12) . After 30 min of labeling, the highest relative intensity was reproducibly observed for the 80-kb fragment (fragment II in Fig. 3 ), corresponding to the well-defined singularity present in skew diagrams (marked with the arrow in Figs horikoshii; PAB, P. abyssi) were compared using a BLAST tool and plotted against each other. Each data point represents 100 nucleotides with Ͼ80% identity between two genomes. Scale is given in increments of 10 6 bp. (B) Noncumulative (left) and cumulative (right) skews of tetramer GGGT for the two Pyrococcus genomes. In each graph, the abscissa represents the whole length of the genome and is directly comparable to those in (A). The skews are defined as the relative excess of tetramer GGGT over its reverse complement ACCC in a sliding window of 1/50th of the genome. The position of the window is incremented by 1/240th of the genome, yielding 240 values. Obtained values are displayed as shown for the noncumulative skew. The values were also integrated from the start of the genome, with positive and negative values resulting in an ascending and a descending slope, respectively. As expected, cumulative diagrams provide a much more convenient and accurate display of the trends of the skew. In the genome of P. horikoshii and P. abyssi, a well-defined singularity point is detected (indicated by the arrows). 3). The lowest value was obtained for the fragment located opposite fragment II on the P. abyssi genome, corresponding to the broad peak of the cumulative skew diagram. As expected for an early replicating fragment, the relative labeling intensity of fragment II gradually decreased when labeling was continued for up to 90 min. The simplest explanation for our in silico and experimental data is thus that Pyrococcus sp. chromosomes are replicated bidirectionally from a fixed single origin located within the 80-kb fragment described above and that the replication terminus is located approximately opposite the origin. Finally, the experimentally mapped replication origin of P. abyssi corresponds to a transition from negative to positive GC skew, indicating an excess of G over C in the leading strand of these Archaea (5).
The archaeal replication origin region that we identified does not contain typical sequences recognized by the bacterial initiator protein, nor is DnaA obvious in archaeal genomes (2) . Instead, they all contain an archaeal homolog of Orc1/Cdc6 proteins that are involved in the initiation step of DNA replication in eukaryotes [reviewed in (13) ]. These archaeal Orc1/Cdc6 homologs are located immediately downstream of a large intergenic sequence [ϳ800 base pairs (bp)] (14) . This is the only highly conserved intergenic sequence of Ͼ600 bp to be conserved in the three Pyrococcus genomes (15), suggesting a strong functional constraint for this region. This sequence contains a 45-bp central core with a single-nucleotide substitution between all three species, as well as many conserved direct and inverted repeats, similar to those present in the predicted origin of M. thermoautotrophicum [(8) ; see also Web fig.  1 (16) ]. In the three Pyrococcus species, the described origin region carries many genes encoding orthologs of proteins involved in both the initiation (e.g., Cdc6/Orc1) and the elongation steps of eukaryotic DNA replication [e.g., replication factor C (RF-C)] (Fig.  4) . Grouping of replication genes near the origin has been reported in some bacteria and possibly helps the effective assembly of replication forks onto the origin (17) .
Whereas the replication origin is highly conserved between the three Pyrococcus species, the chromosomal region containing the replication terminus is a hot spot of genome shuffling, as shown by the genome-to-genome comparison between P. abyssi and P. horikoshii (Fig. 1A) . Genetic instability in the terminus region has been also observed for Bacteria (18) , and it could reflect a common mechanism for the termination of replication and/or chromosome segregation in all prokaryotes. Indeed, in addition to bacterial-like cell division genes already detected in Archaea [e.g., ftsZ, minD, and spoJ (8)], we noticed that Pyrococcus sp. and other Archaea contain a XerC and XerD homolog (PAB0255 in P. abyssi), which in Bacteria are involved in the resolution of chromosomes at the end of the replication process (19) .
The successful identification of an archaeal replication origin validates the use of archaeal replication proteins such as Cdc6/ Orc1 and minichromosome maintenance complex (MCM) to understand the functioning of their eukaryotic homologs (20) . Because the genome of P. abyssi encodes only two putative initiator proteins (MCM and Cdc6/Orc1) in comparison to the complex set of proteins involved in yeast replication initiation, the archaeal in vitro replication system could represent a minimal eukaryoticlike mechanism for initiation of DNA replication. By itself, the replication of a prokaryotic chromosome from a single bidirectional replication origin by eukaryotic-like machinery raises fundamental questions. For example, our data indicate that the P. abyssi chromosome is replicated in ϳ45 min, i.e., once during every cell division. In this species, each replication fork must then be traveling at ϳ20 kb/min along the archaeal chromosome. This value is much higher than those observed for Eukarya (2 to 3 kb/min), although similar values have been obtained for Bacteria [Escherichia coli, 50 kb/min; Caulobacter crescentus, 21 kb/min (21)]. The faster replication rate in Archaea, as compared to that in Eukarya, could reflect the differences between the two replication apparatus [e.g., different replicative DNA polymerase and streamlining of several factors (2)] or a less compact nucleosomal structure (as expected for an actively transcribed genome with a high coding capacity). We failed to identify strand asymmetry by cumulative skew or tetramer analyses in the genomes of Methanococcus jannashii, Archaeoglobus fulgidus, and Aeropyrum pernix and in some bacteria (22) . Whether this implies the presence of multiple replication origins in these organisms or a limitation of the cumulative skew method remains to be established. However, the identification of both eukaryal and bacterial features in the Pyrococcus DNA replication mechanism already has evolutionary implications. The differences between replication factors in Eukarya/Archaea and Bacteria have been explained by (i) their high evolutionary rate triggered by the different replication modes in Eukarya and Bacteria (1), (ii) an independent development after their divergence (3), or (iii) a massive nonorthologous displace- ment (23) . Because, in the case of P. abyssi, eukaryotic-like replication proteins are used in a manner similar to that in Bacteria, the first possibility is unlikely. It remains to be established if similarities of archaeal and bacterial replication systems are a consequence of their common prokaryotic life-style (convergence) or if they are evolutionarily related (homologous). The latter hypothesis is supported by the observation that DnaA and Orc1/Cdc6 belong to the same protein superfamily (24) , suggesting that all cellular replication initiation mechanisms originated in a DNA-based ancestor.
Requirement of Mis6
Centromere The kinetochore is a chromosomal architecture serving as the attachment site for spindle microtubules and is crucial for directing faithful chromosome segregation during mitosis (1). Because mutations in Mis6 and Mis12, two essential centromere proteins of the fission yeast Schizosaccharomyces pombe, disrupt centromere chromatin and cause high frequencies of missegregation (2, 3) , it is thought that the composition and/or modifications of the nucleosomes underlying centromere chromatin might be altered. Both mammalian CENP-A and its budding yeast homolog Cse4 function as essential histonelike components of the centromere nucleosomes (4, 5) .
To assess the possible role of CENP-A in centromere integrity and function, the gene encoding the CENP-A homolog in S. pombe was identified (6) . Sequencing revealed a putative histone H3 variant clone [designated SpCENP-A; the formal gene name is cnp1 ϩ (centromere protein 1)] (Fig. 1A) encoding a polypeptide of 120 amino acids (6) with 57, 53, and 48% identity to the fission yeast histone H3, the budding yeast Cse4, and human CENP-A, respectively. To examine intracellular localization of SpCENP-A, we constructed a fusion gene comprised of SpCENP-A with its native promoter and green fluorescent protein (GFP) that we confirmed to be functional (7) and integrated into the genome. SpCENP-A-GFP was seen as single dots near the nuclear periphery in interphase cells (Fig. 1B, top  row) . Two or three dots were observed in prometaphase or metaphase cells (Fig. 1B , rows 2 and 3) and one dot was present per daughter nucleus in anaphase cells (Fig. 1B,  rows 4 and 5) . In mitotically arrested ␤-tubulin mutant nda3-311 (8), a single centromerelike locus of GFP signal was seen on each of
